Circumstellar (CS) environment is a key in understanding progenitors of type Ia supernovae (SNe Ia) as well as an origin of peculiar extinction property toward SNe Ia for cosmological application. It has been suggested that multiple scatterings of SN photons on CS dust might explain a non-standard reddening law. In this paper, we investigate an effect of re-emissions of SN photons by CS dust in the Infrared (IR) wavelengths. We show that this effect allows observed IR light curves to be used to place a constraint on position/size and the amount of CSM dust. We apply the method to observed NIR SN Ia samples, showing that meaningful upper limits, even under conservative assumptions, on the CS dust mass can be derived. We thereby clarify a difficulty of the CS dust scattering model to be a general explanation for the peculiar reddening law, while it may still apply to a sub-sample of highly-reddened SNe Ia. For SNe Ia in general, environment at the interstellar scale should be responsible for the non-standard extinction law. Furthermore, deeper limits can be obtained by utilizing the standard nature of SN Ia NIR light curves. In this application, an upper limit ofṀ ∼ < 10 −8 − 10 −7 M ⊙ yr −1 (for the wind velocity of ∼ 10 km −1 ) is obtained for a mass loss rate from a progenitor up to 10 16 cm,Ṁ ∼ < 10 −5 − 10 −6 M ⊙ yr −1 up to 10 17 cm. While not as strong as the radio/X-ray limit placed below a few ×10 16 cm, our method provides a possibility to probe the CS property at the larger scale, corresponding to the mass loss rate further toward the past, highlighting the importance of the NIR information from early to late phases.
INTRODUCTION
Type Ia supernovae (SNe Ia) are mature standardized candles. Intrinsic dispersion of the peak absolute magnitude can be minimized to the level of ∼ 0.15 magnitude, making SNe Ia the most accurate distance indicators (Phillips et al. 1999) . However, this standardization generally requires a non-standard extinction law, i.e., RV ≡ AV /E(B − V ) ∼ < 2 opposed to the typical Galactic value of RV ∼ 3.1 (e.g., Folatelli et al. 2010) . This indicates that properties of dust in SN Ia host galaxies might be systematically different than those in our Galaxy (e.g., Phillips et al. 2013) .
⋆ E-mail: keiichi.maeda@kusastro.kyoto-u.ac.jp Alternatively, it has been suggested that multiple scatterings of SN photons on circumstellar (CS) dust might explain the non-standard nature of the reddening law (Wang 2005; Goobar 2008 ). Namely, rather than the 'real' reddening, convolution of time-dependent SN spectra could introduce 'pseudo' (anti-) reddening. This suggestion has been taken seriously (e.g., Folatelli et al. 2010) , while so far lacking a smoking gun to test this hypothesis despite various model predictions in the optical (Amanullah & Goobar 2011) . This interpretation also has a relation to yetunclarified progenitor evolution, as the scenario requires a large amount of CS materials (CSM) and mass loss rate. Qualitatively, the scenario favors a so-called singledegenerate model (i.e., a pair of a C+O white dwarf and a non-degenerate star; Whelan & Iben 1973; Nomoto 1982; Hachisu et al. 1999) , which is expected to create relatively dense CS (or 'dirty') environment.
In this paper, we investigate effects of re-emissions of SN photons in the Infrared (IR) wavelengths. While the 'scattering' must be accompanied by 'absorption and reemission' ('CS dust echo'), this process has not been examined in relation to the study of the CS environment around SNe Ia (except for a work by Johansson et al. 2013 , focusing on the mid-and far-IR). In §2, we develop a simple echo model for CS dust heated by SN photons. In §3, we apply the method to observed NIR SN Ia samples. We place both conservative and the deeper limits for the amount of CS dust under different assumptions. The paper is closed in §4 with conclusions and discussion, where we propose future observational strategies for a better constraint on the amount of CS dust and environment.
MODELS
In this section, we present our model for the CS dust echo. We restrict ourselves to the re-emission process, not including the scattering. It is justified since they are basically decoupled. For the sake of simplicity, we assume that the CS dust distribution is represented by an infinitely thin shell located at radius R from a center of an explosion. While a computational method for an echo from spherically distributed CS dust has been well developed (e.g., Dwek 1983 Dwek , 1985 , the thin shell approximation further simplifies the computation as we show below. Also, we emphasize that our main motivation is to test the scattering echo model for the SN Ia extinction law, which has been discussed under the thin shell approximation (Goobar 2008) . Further, in providing an upper limit for the amount of CS dust as a function of R, the thin shell approximation basically provides the most conservative limit, since any spherically symmetric distribution can be described as a convolution of different shells. Namely, if one adds another shell at R ′ different than R for which the constraint is considered, then this shell will increase the predicted flux without contributing the CS dust mass at R, therefore an upper limit on this CS dust mass (i.e., a predicted flux must be below observations) should be decreased.
Shell Model
Let us first consider a situation where we observe a dust shell with temperature T (θ) and mass M d , where θ is an angle between a line of sight to an observer and a direction vector pointing from the shell center (i.e., the explosion center) to a position of the volume element within the shell under consideration. Then, luminosity of dust thermal emission is given as follows.
Here, κa,ν is the absorbing opacity of the dust at frequency ν.
It is specified by properties of the dust, which we assume to be uniform within the shell. Further, the shell is assumed to be uniform in density (ρ). The above expression can be converted to time-dependent luminosity by introducing t (time since the explosion measured at the observer frame) and t ′ (observer-frame time when the light from a given volume element at θ as observed at time t was emitted). The relation between t and t ′ is the following.
Combining equations (1) and (2), we obtain the following expression for the echo luminosity at time t.
An evolution of the temperature of the CS dust at time t (in the observer frame), under the radiative equilibrium with incoming SN flux, LSN,ν (t), is given by the following.
This equation provides T (t) once the SN flux evolution is specified. We first compute T (t) for a given R using the above equation. For the SN flux, we use the Hsiao template spectra as an input (Hsiao et al. 2007 ). For the dust opacity, we use the LMC-like dust properties; specifically, we take the opacity from U to Ks from Goobar (2008) so as to be consistent with the proposed CS scattering model. We extend the opacity toward the blue and red assuming slopes of −1.5 and −1, respectively, but anyway they do not affect the result sensitively. The evolution of T (t) is then used as an input in computing the echo luminosity and multi-band light curves.
Ring/Torus Model
The SN Ia CSM might be confined within an equatorial plane (e.g., Dilday et al. 2012 ), therefore we also consider a torus/ring-like structure, again under the infinitely thin assumption in radial direction. We denote θ0 as an opening angle of the ring as measured from the equatorial direction. While it is possible to derive general expressions for an arbitrary viewing direction, hereafter we focus on the two extreme cases where it is viewed pole-on and edge-on.
For an observer sitting at the polar direction, the echo luminosity is expressed as follows.
(1 + sin θ0) < 0, then the integral is set to be zero.
To be an explanation of the non-standard extinction law, this will require R ∼ ct peak ∼ < 5 × 10 16 cm to introduce the effect of the scattered photons around the maximum light. An observer in the equatorial direction does not have this constraint. We note that both situations should be considered simultaneously, since there should be a roughly equal number of edge-one and pole-on counterparts (depending on θ0) if we adopt the ring-like geometry. Finally, the echo luminosity arising from the same configuration but viewed NIR light echo models. The temperature of the CS dust (T ) as a function of the rest-frame days since the B-band maximum is shown for various radius of the CSM (3.24 × 10 −3 , 1.02 × 10 −2 , 3.24 × 10 −2 , 1.02 × 10 −1 , 3.2 × 10 −1 , 1.02, and 3.24 pc from top to bottom). In all the models, CSM dust mass is set to be 10 −5 M ⊙ . The other panels are for echo model light curves in J, H, and Ks-bands (as a function of the observed days). The color coordinate denotes the CSM radius (red for 3.24 × 10 −3 pc, green for 1.02 × 10 −2 pc, blue for 3.24 × 10 −2 pc, cyan for 1.02 × 10 −1 pc, magenta for 3.24 × 10 −1 pc), and the line thickness denotes different CSM geometry (thick for the shell, medium for the ring-like CSM viewed from the equator, and thin for the ring-like CSM viewed from the polar direction).
edge-on is given as follows.
In all the models, these equations are for an unobscured luminosity. We take into account an optical depth within the shell/ring. The average optical depth is computed as τν = κa,ν ρ∆R, and then the NIR echo luminosity is dimmed by this amount of absorption. Figure 1 shows the evolution of T and the predicted NIR (J, H, Ks) light curves for different values of R and for a fixed value of M d (10 −5 M⊙). For the light curves, three different types of geometries are examined; shell, pole-on and edge-on views on a ring with θ0 = 10
RESULTS
• . The evolution of T closely follows an optical light curve of a SN Ia. For R ∼ < 0.01 pc, the peak temperature exceeds ∼ 2, 000K, and therefore the dust might well be evaporated depending on the nature of the CS dust. In such a case, essentially there should be neither scattering nor thermal emission from the CS dust. Therefore, no constraint can be obtained on the amount of (pre-existing) CS dust and the CS dust cannot . The shell CS dust echo models with the maximally allowed CS dust mass are shown for each CSM radius (red for 3.24 × 10 −3 pc, green for 1.02 × 10 −2 pc, blue for 3.24 × 10 −2 pc, cyan for 1.02 × 10 −1 pc, and magenta for 3.24 × 10 −1 pc). For SN 2006X, two models are shown for each CSM radius -one using the original light curve (thick) and the other using the residual light curve (thin). These examples highlight the importance of good early-phase light curves to constraints the CS dust mass at small R especially coupled with the template light curves, and of deep late-time light photometric points, preferably at the longer wavelength, to constrain the CS dust mass at large R.
be an origin of the non-standard extinction law toward SNe Ia.
The light curve evolution is similar in different NIR bands. Its time scale is basically determined by the light traveling time, and thus the CS dust at larger R results in a longer-lived, fainter NIR echo. For small R, the light travel time is shorter than the time scale of the SN light curve evolution, and thus the light curve reflects the SN light curve evolution, and the echo light curve evolution traces the decreasing temperature of the CS dust as a function of time. On the other hand, for large R the light travel time far exceeds the SN light curve evolution time scale, and therefore the temperature evolution is not that important to determine the shape of the light curve. Emission at longer wavelengths is stronger for larger R. It stems from smaller T for larger R -as such the peak wavelength in the thermal emission is shorter than the J-band for small R while the peak wavelength is even longer than the Ks-band pass for larger R. Figure 2 shows examples of the constraint on the amount of the CS dust using the shell model. A conservative upper limit on the CS dust mass is obtained by a condition that the resulting echo luminosity cannot exceed the observation at any epochs. Since the echo luminosity is proportional to M d in the optically thin regime, for given R one can derive a maximally allowed value for M d . Note that this is not a fit to the observed light curve -the echo light curve model for small R resembles the observed light curve to some extent, but this is because the echo evolution follows the SN evolution for small R (see above).
The left panel of Fig. 2 shows how an early-phase light curve (up to ∼ 100 days since the B-band maximum) can be used to constrain the amount of the CS dust. Generally, the early-phase data provides a strong constraint on M d for small R, but it loses a diagnostic power for the CS dust at large R. Since the model prediction for small R is similar for different bands, typically the J-band provides the deepest limit thanks to its most intensive coverage within the NIR. We note that the I band, typically having much better coverage than the J, is not so useful for our purpose, as the wavelength of the thermal emission peak is longer than that of the I-band.
The right panel of Fig. 2 shows the other extreme within the NIR wavelengths, namely a constraint obtained through a late-time photometry in the Ks-band. Such an observation can provide a constraint on the CS dust at large R up to ∼ 1 pc.
By applying different models (i.e., with different R and geometry) to available multi-band observed light curves, a constraint can be obtained for M d as a function of R for each SN. The light curves at different bands provide mutually independent upper limits, and we adopt the strongest limit among the J, H, and Ks. The result is shown in Figure should exceed at least 0.1 (conservatively) -the corresponding radius is indicated by the vertical dotted line, left of which is considered to be CSM but right as ISM. The dotted vertical lines indicate the radius at which the equilibrium temperature of the CS dust is 3,000K, 2,000K, or 1,000K which should be compared with the dust evaporation temperature -Namely, there is no constraint on the CS dust mass on the left of the line specified by given evaporation temperature (and then it would not create the CSM echo). Assuming the gas-to-dust ratio of 100, the equivalent steady-state mass loss rate is shown by the thin solid lines (in unit of M ⊙ /10km s −1 ). obtained through the J or H-band data for the CS dust at R ∼ < 0.1 pc, and through the Ks-band at R ∼ > 0.1 pc. Figure 3 also contains lines indicating some physical situations: Thick solid lines indicate the absorptive optical depth in the B-band giving a measure of the capability of the CS dust as an origin of the non-standard extinction law (i.e., optical depth of an order unity is required). Thin solid lines show an equivalent mass loss rate of the progenitor system where we adopt the dust-to-gas ratio of 0.01, as computed byṀ /vw = 100M d /R (where vw is the velocity of the mass loss outflow). Vertical dashed lines show the temperature of the CS dust as a function of R. To probe the CS dust beyond R ∼ 1 pc, mid-or far-IR observations should be more effective (Johansson et al. 2013) .
The derived upper limits are sufficiently tight to constrain an origin of the non-standard extinction as a scattered echo as proposed by Wang (2005) and Goobar (2008) . The resulting upper limits for the optical depth in the B-band is generally ∼ < 0.1 for the CS dust at R ∼ < 0.1 pc. At R ∼ > 0.1 the constraint is weaker, but for a few SNe we place the constraint as τa(B) ∼ < 0.01 at R ∼ 0.4 pc. Above R ∼ 1 pc, the upper limit is consistent with τa(B) ∼ 1. These values should be compared to the requirement that the optical depth must be at an order of unity for the scattered echo to make a substantial effect on the extinction law. From this analysis, we conclude that it is difficult for the scattered echo to be a general origin of the non-standard extinction law toward SNe, as long as the CS dust is placed at R ∼ < 0.1 pc. The dust at R ∼ > 1 pc can still work, while if it can be regarded as 'CS' dust is another story (see below). A dust shell at R ∼ 0.1 − 1 pc is rejected for some SNe Ia when the late-time Ks-band data are available, but not generally constrained due to a lack of such data.
The above constraints are for the shell model. One might guess that the constraint would be weakened if the CSM is confined in a specific direction, e.g., in an equatorial ring, as the CS dust mass required to create τa(B) ∼ 1 should be reduced. It is true, but there are additional few effects. First, indeed the shell model provides the most conservative upper limit on the CS dust mass. If one confines the same amount of CS dust in a specific direction, then the local density is increased. This generally results in larger luminosity at a specific epoch than in the corresponding shell model, and thus a tighter limit on M d is obtained using the observational data at the corresponding epoch (Fig. 1) . For example, the edge-on ring model predicts a larger luminosity than the shell model with the same CS dust mass at the beginning and the end of the NIR echo. On the other hand, the same model but viewed pole-on has a shorter duration and a larger luminosity. This large luminosity in the ring model is achieved when the emission at the ring-edge is reached to the observer.
As for the required CS dust mass within the scattering echo model for the extinction law, it is true that the required mass is reduced for an edge-on observer (Fig. 3) . However, for the pole-on case, this effect is compensated by the increase in the predicted luminosity (Fig. 1) , and thus the resulting upper limit for τa(B) in the pole-on model is similar to that of the shell model (Fig. 3) . Statistically there must be edge-on and pole-on counterparts -the NIR echo constraint in this paper using a number of SNe is strong enough to reject this possibility. If one introduces more confined configuration, there is more chance not to view it from that direction. In addition, for a pole-on observer to have a substantial scattering effect, the light traveling time to the CS dust must be shorter than the rising time of SNe Ia (i.e., ∼ 15 − 20 days), and therefore the CS dust beyond R ∼ 0.02 pc never affect the extinction law if viewed poleon. In sum, introducing the confined CS geometry does not help in interpreting the non-standard extinction law as generally coming from the CS scattered light. SNe suffering a substantial 'CS' scattering echo effect must be limited to at most only a fraction of SN Ia samples.
For the possible CS dust to be originated in a mass loss of a progenitor, the CS gas mass should be ∼ a few M⊙, i.e., M d ∼ < a few ×10 −2 M⊙. This amount of CS dust can create the substantial scattering effect only if R ∼ < 0.2 pc even if we take a very conservative requirement of τa(B) ∼ 0.1 (or ∼ 0.05 pc if we adopt τa(B) ∼ 1). We generally reject such a large amount of CS dust at R ∼ < 0.2 pc (see above). Therefore, if the echo scenario is to be a general origin of the non-standard extinction law, the dust must be indeed of the ISM origin, located at R ∼ > 0.2 pc. One may ask, what implications this mass loss rate has for the progenitor scenario. Indeed, the CS scattering model requires much larger amount of CSM as compared to that predicted by typical progenitor scenarios. Out limit is ∼ < 10 −6 M⊙ for the mass-loss wind velocity of ∼ 10 km s −1 below 0.04 pc, or, in the final ∼ 400 years before the explosion. This is not as strong as the constraint from the radio and X-rays (e.g., ∼ < 10 −9 M⊙ for the same velocity, for SN 2011fe: Chomiuk et al. 2012; Margutti et al. 2012 ). However, we emphasize that the radio and X-ray probe the materials inside R ∼ 3 × 10 −3 pc, and our proposed method using the NIR echo can extend the constraint by an order of magnitude in the spatial dimension (or to the past before the explosion), making our limit an independent and unique way. From the present analysis (see below for possible improvement), the only scenario that can be marginally rejected, for normal SNe examined in this paper, is a symbiotic system. However, we do note that SNe Ia resulting from this path might look like a peculiar SN Ia (Dilday et al. 2012 ).
So far, our limit is rather conservative, placed by a condition that the echo luminosity cannot exceed the observed one. However, most of the light should indeed be originated in radioactive decay chain and subsequent thermalization, as also demonstrated by NIR spectroscopy (Gerardy et (1) the shell CSM, (2) the ring-like CSM as viewed from the equator, and (3) the ring-like CSM as viewed from the polar direction. Here the upper limit is placed on the requirement that the resulting echo flux must be below the difference between the observed magnitude and the template magnitude. The deeper limit is shown by open squares (blue, green, red constrained in J, H, Ks, respectively) while the conservative limit is by filled gray squares to demonstrate how much the constraint can be improved.
tribute the template light curves in each band to the SN light without any contribution of the possible NIR echo, subtract the templates from the light curves from individual SNe, and then use the residual light curve (here we take absolute value if the subtraction results in a negative value) to place an upper limit for the CS dust mass. Namely, here we assume that the echo luminosity would not exceed the variation of the NIR light curves seen in different SNe. As a demonstration, in Figure 2 (left panel) we show the case of SN 2006X for which a good light curve is available. Figure 2 shows that this residual light curve is 1 − 5 magnitude below the original light curve, highlighting the standard nature of the NIR light curves.
Using this argument, much tighter constraints can be obtained (as shown in thin solid lines in Fig. 2) , and the result is shown in Figure 4 for SN 2006X. Since the J-band data are of the best quality following the template closely, we obtain a great improvement in the upper limit for the CS dust mass especially at R ∼ < 0.1 pc. In the best case the upper limit is reduced by two orders of magnitude, reflecting the residual light curve fainter than the original by ∼ 5 magnitudes. Now with this method, even the edge-on ring model results in τa(B) ∼ < 0.01, basically rejecting the CS scattering model for the extinction law for this particular SN. The upper limit for the mass loss rate is now ∼ < 10 −7 M⊙ for R ∼ < 0.03 pc, much deeper than the conservative limit as described earlier in this section.
CONCLUSIONS AND DISCUSSION
In this paper, we have investigated effects of re-emission of SN photons by CS dust in the Infrared (IR) wavelengths. We have shown that this effect allows observed IR light curves to be used to place constraints on position/size and the amount of CS dust. We have applied the method to the observed NIR SN Ia samples, showing that meaningful upper limits, even under conservative assumptions, on the CS dust mass can be derived.
Our results are summarized as follow:
(ii) The above upper limit becomes tighter if one consider non-spherical CS distribution.
(iii) The mass loss rate must be generally ∼ < 10 −6 M⊙ yr From these results, we conclude the followings regarding the possibility of the dust scattering scenario for the nonstandard extinction law toward SNe Ia:
(i) The 'CS' dust (at R ∼ < 1 pc) echo cannot be a general explanation of the non-standard extinction law toward SNe Ia. The scenario would work for at most a fraction of SNe Ia, presumably at most the highly reddened ones.
(ii) If the echo scenario is responsible for the extinction law in general, the dust must be located at R ∼ > 1 pc. The required mass is however ∼ > 100M⊙, and therefore this must be attributed to ISM rather than CSM.
We have also shown a possible further direction to place a deeper limit. First, we propose to utilize a standard nature of the NIR light curves. We demonstrate this for SN 2006X, showing that the upper limit can be deepened by two orders of magnitude from the conservative limit as given above. We suggest that the further improvement is possible by refining the analysis method along this line, by performing a standardization of the NIR light curves for a given sample and minimalize the dispersion as a function of time. Such study will hopefully place a deeper limit to the mass loss rate as well, hopefully to the level to limit various models other than the particular symbiotic scenario. We emphasize the advantage of this method as compared to the radio and X-ray constraints (which are indeed complementary to the proposed method here): The limit to the amount of dust placed by the NIR echo extends an order of magnitude larger in spatial dimension (or an order of magnitude toward the past in time dimension), reflecting the fact that the light speed (for echo) is by an order of magnitude faster than the shock velocity (for radio and X-ray).
Our results should be compared to SNe where a large amount of dust is inferred either by a detection of an optical (scattered) echo or other probes like narrow absorption systems. For example, we have obtained a pretty tight limit for the amount of CS dust for SN 2006X, while this SN was detected in the scattered echo (Wang et al. 2008) . Its optical spectrum at ∼ 1 year after the explosion showed a blue echo component, indicating τa(B) ∼ 1. On the other hand, we provides a constraint that τa(B) < 1 as long as the echo source is at R ∼ < 0.4pc (or even τa ∼ < 0.01 at R ∼ < 0.1 pc). Combining them, the detected echo in SN 2006X must be created by ISM, as also suggested by Crotts & Yourdon (2008) by HST data. Indeed, so far even for cases where an (optical) echo is detected, evidence of a CS echo is weak. Another example is highly extinct SN Ia 2014J in M82. No variability has been found in the narrow absorption lines (e.g., Goobar et al. 2014) . Foley et al. (2014) have found temporal evolution in RV , while no apparent variability has been detected in polarization (Kawabata et al. 2014) . While the consistent interpretation for all of these features, among others, is yet to be reached, it seems that all of them suggest that the CS scattering scenario is unlikely, but perhaps a combination of multiple scattering and true absorption at the ISM scale could provide a consistent solution.
As we have shown in this paper, a late-time photometry, even sparse, especially in the Ks-band is essential to constrain dust (and gas) mass in the environment at R ∼ > 0.1 pc. Our method highlights the importance and usefulness of such data. Our analysis is highlighted by possibilities of (1) constraining the origin of the non-standard extinction law, and (2) constraining the CSM mass up to ∼ 1 pc, namely the regimes that the other methods like radio and X-ray diagnostics cannot probe. As the data are still rare, we propose to increase the sample with continuous observational efforts. Of course, if one wants to go further toward the ISM regime, mid-and far-IR data are important (Johansson et al. 2013) , and a combination of the early radio/X, early and late-time NIR, and late-time mid-/far-IR, perhaps complemented by the absorption system study (e.g., Phillips et al. 2013) , will hopefully provide a complete view on these issues.
